Abstract: H 5 PV 2 Mo 10 O 40 -catalyzed oxidation of aromatic aldehydes to the corresponding carboxylic acids using hydrogen peroxide and KMnO 4 as oxidants under mild conditions is reported. This system provides an efficient, convenient and practical method for the oxidation of aromatic aldehydes. In this work, differences between Keggin and Well-Dawson type polyoxometalates are addressed in term of relative stability, hardness and acidity.
INTRODUCTION
The catalytic function of heteropolyacids (HPAs) and related polyoxometalate compounds has attracted much attention, particularly over the last two decades. [1] [2] [3] [4] In this context, heteropolyacids (HPAs) are promising catalysts. A common and important class of these acids and those used in the majority of catalytic applications are Keggin compounds of the general formula H n XM 12 O 40 (X = P, Si, As, Ge or B; M = Mo and/or W). 5 These solid acids are usually insoluble in non-polar solvents but highly soluble in polar ones. They can be used in bulk or supported forms in both homogeneous and heterogeneous systems. Furthermore, these HPAs have several advantages, including high flexibility in the modification of the acid strength, ease of handling, environmental compatibility, non-toxicity, and experimental simplicity. 6 Keggin type polyoxoanions have been widely studied as homogeneous and heterogeneous catalyst for the oxidation of organic compounds. 7 
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SHOJAEI, REZVANI and HERAVI Another catalytically important subclass of the Keggin compounds are the mixed vanadium (V) substituted HPAs of the general formula H 3+n PV n M 12-n O 40 (M = Mo and W; n = 1 to 6). These compounds exhibit high activity in acid-base type catalytic reactions; hence, they are used in many catalytic areas as homogeneous and heterogeneous catalysts. The most well known of these HPAs is H 5 PV 2 Mo 10 O 40 .
In continuation of ongoing research [8] [9] [10] [11] [12] on the syntheses and application of heteropolyacids in organic syntheses and due to the importance of derivatives of aldehydes in chemical processes, the applicability of HPA for efficient oxidation of aldehyde to the corresponding carboxylic acids is reported herein. Ishii and coworkers reported a number of interesting reactions catalyzed by transition metal--substituted heteropolyacids, including oxidation of aldehydes to carboxylic acids. 13 Shimizu and co-workers showed how product selectivity and activity depend on the composition of the heteropolyanion and the type of counter cations as well as the support surface area. 14 In addition, they emphasized that pore size distribution is very important. Mizuno and co-workers examined the oxidation of octanal by O 2 with both nickel-and iron-containing heteropolyacids. 15 Zamaraev and co-workers reported the catalytic properties of several cobalt-containing heteropolyanions, viz. tetra-alkylammonium salts of PW 11 CoO 39.5 and CoW 12 O 40.6 , in alkene epoxidation by dioxygen in the presence of iso-butyraldehyde, under ambient conditions. 16 The mechanism and the catalytic activity of transition metal-substituted heteropolyacids have been speculated since 1970 and later on, the propensity of them to bind with molecular oxygen and the role of such dioxygenactivated species in the oxidation of organic substrates was explored. 17 Microwave heating has been used for a wide variety of applications, including the rapid synthesis of organic compounds. 18, 19 Now, a very efficient and simple method for the oxidation of aldehydes to the corresponding carboxylic acids using H 2 O 2 and KMnO 4 as the oxidizing reagent and catalyzed by mixed vanadium (V)-substituted HPAs under mild conditions is reported.
EXPERIMENTAL
All reagents and solvents used in this work are available commercially (Merck) and used as received, unless otherwise indicated. Previously reported methods were used to purify the aldehydes. 20 The preparation of the H 5 PV 2 Mo 10 O 40 catalyst and other mixed heteropolyacids and salts were based on a literature procedure, with modifications as reported below. 21 6 -were prepared according to published methods and were identified by infrared spectroscopy. 22 The 1 H-NMR spectra were recorded on a Brucker 100 MHz Aspect 3000 FT-NMR instrument. The IR spectra were recorded on a Buck 500 scientific spectrometer (KBr pellets).
Preparation of H 5 PV 2 Mo 10 O 40 21
Sodium metavanadate (12.2 g, 100 mmol) was dissolved by boiling in 50 mL of water and then mixed with (3.55 g, 25 mmol) of Na 2 HP0 4 in 50 mL of water. After the cooling the solution, concentrated sulphuric acid (5 mL, 17 M, 85 mmol) was added, whereby a red colour developed. Na 2 MoO 4 .2H 2 O (60.5 g, 250 mmol) dissolved in 100 mL of water was added to the red solution under vigorous stirring, followed by the slow addition of concentrated sulphuric acid (42 mL, 17 m, 714 mmol). The hot solution was allowed to cool to room temperature. The 10-molybdo-2-vanadophosphoric acid was then extracted with 500 mL of diethyl ether. Air was passed through the heteropoly etherate (bottom layer) to free it of ether. The solid residue was dissolved in water, concentrated to first crystal formation, as already described, and then allowed to crystallize further. The large red crystals that formed were filtered, washed with water, and air-dried.
Preparation of H 4 PVMo 11 O 40
Na 2 HPO 4 (3.55 g, 25 mmol) was dissolved in 50 mL of water and mixed with (3.05 g, 25 mmol) of sodium metavanadate that had been dissolved by boiling in 50 mL of water. The mixture was cooled and acidified to a red colour with concentrated sulphuric acid (2.5 mL, 17 M, 42.5 mmol). To this mixture was added a solution of Na 2 MoO 4 .2H 2 O (66.5 g, 274.8 mmol) dissolved in 100 mL of water. Finally, 42.5 mL of concentrated sulphuric acid was added slowly to the solution under vigorous stirring. With this addition, the dark red colour changed to a lighter red. After cooling the aqueous solution, heteropoly acid was then extracted into 200 mL of diethyl ether. In this extraction, the heteropoly etherate was present as the middle layer; the bottom layer (water) was yellow and probably contained vanadyl species. After separation, a stream of air was passed through the heteropoly etherate layer to free it of ether. The solid orange residue was dissolved in 50 mL of water, concentrated to the first appearance of crystals in a vacuum desiccator over concentrated sulphuric acid, and then allowed to crystallize further. The orange crystals that formed were filtered, washed with water, and air-dried.
General procedures for the oxidation of benzaldehyde using H 2 O 2 as the oxidizing agent
Method A (microwave irradiation conditions). Benzaldehyde, heteropolyacid compound and H 2 O 2 are mixed thoroughly in a small beaker. The mixture was placed in microwave oven and irradiated for 3 min. at 10-80 % power (full power 1000 watts). Then to the final mixture was added 10 % aqueous solution of NaHCO 3 and the mixture was filtered. The carboxylic acids were precipitated by adding 6 M HCl to the filtrate. The solid product was collected and washed with H 2 O. Adding 2,4-dinitrophenylhydrazine (DNP) reagent precipitated the product. The products were characterized by comparison of their spectroscopic data (IR, 1 H-NMR and MS), and melting points with those of authentic samples.
Method B (magnetic stirrer (25 °C) conditions).
To a stirred mixture of the aldehyde (2 mmol) and H 2 O 2 (3 mmol) was added H 5 PV 2 Mo 10 O 40 (0.25 mol %). Then stirring was continued at room temperature under solvent-free conditions. The progress of the reaction was monitored by TLC.
Method C (reflux conditions). The aldehyde (5 mmol) was dissolved in a mixed solvent (10 mL ethanol + 5 mL H 2 O). Then heteropolyacid (0.1g, 10 -2 mmol) was added to the solution. The reaction mixture was refluxed in a 25-mL round-bottom flask equipped with a magnetic stirrer, reflux condenser and thermometer. While the solution was vigorously stirred for 10 min, H 2 O 2 (5mL, 165 mmol) was added to the solution. The reaction mixture was stirred and refluxed for 3-10 h at 70 °C.
General procedure for the oxidation of benzyl aldehyde using KMnO 4 by adding a concentrated aqueous solution of potassium permanganate to alumina, giving a paste that was then ground with an equal amount of copper sulphate pentahydrate. Addition of alumina as a solid support did not improve the yields of these reactions. The best results were obtained when KMnO 4 was first mixed with copper sulphate pentahydrate (or a 20/80 mixture of copper sulphate pentahydrate and alumina) to give a reagent that has previously been extensively used as a heterogeneous oxidant.
General procedure for the oxidation using KMnO 4 as oxidant
All reaction mixtures were refluxed in a 100-mL, two necked round-bottom flask equipped with a magnetic stirrer, reflux condenser, and thermometer. Benzylaldehyde (5 mmol) and a potion of the oxidant (4 g) was added to the mixed solvent (20 mL ethanol + 10 mL H 2 O) and 0.5 g H 5 PV 2 Mo 10 O 40 (0.025 mol). The reaction mixture was stirred vigorously and refluxed for 4-8 h at 80 °C until TLC analysis indicated completion of the reaction. Then the suspension was cooled and the aqueous layer separated by filtration through a short column of sodium chloride. The water layer was acidified to pH 3 by the addition of hydrochloric acid. The precipitate of benzoic acid was separated by filtration and washed with CH 2 Cl 2 or cold water (3×10 mL). If greater purity is required, the product could be recrystallized.
Recycling of the catalyst
At the end of the oxidation of aldehydes to carboxylic acids, the catalyst was filtered and washed with dichloromethane. In order to know whether the catalyst would succumb to poisoning and lose its catalytic activity during the reaction, the reusability of the catalyst was investigated. For this purpose, after completion of the reaction, dichloromethane was added to the reaction mixture. All compounds were soluble in dichloromethane except the catalyst. Thus, it could be separated by simple filtration, washed with dichloromethane, dried at 90 °C for 1 h, and reused in another reaction with the same substrate. Even after five runs for the reaction, the catalytic activity of H 5 PV 2 Mo 10 O 40 was almost the same as that of freshly used catalyst. The results are summarized in Table I . The IR spectra of the resulting solids indicate that the catalyst can be recovered without structural degradation. The oxidation of aromatic aldehydes by H 2 O 2 or KMnO 4 was examined in the presence of a variety of heteropolyacids and transition metal-substituted polyoxometaltes. Although it is difficult to explain the different activities of these HPAs, certainly there is a complex relationship between the activity and structure of the polyanion. By changing the constituent elements of the polyanion (both hetero-and addenda-atoms), the acid strength of the HPAs and their catalytic activity can be varied over a wide range. 24 When the substrate was liquid, the mole ratio of sub:ox:cat was 1:3:10 -3 but when substrate was solid the mole ratio was 1:15:10 -3 or 1:30:10 -3 , depending on the reaction conditions. They are summarized in Table II . It is noticeable that the time of reaction under microwave irradiation was very short with respect to the analogous reactions. 25 The Keggin--type polyoxometalates resulted in more effective reactions in comparison to the Well-Dawson-type polyoxometalates (see later Table IV) . However, H 6 P 2 Mo 18 O 62 was more effective than H 3 PW 12 O 40 in the oxidation of aldehydes. This may be due to the difference in the reduction potentials of tungsten and molybdenum. 
Effect of the aldehyde substituent
The effects of various substituents on the yields of oxidation of a range of aromatic aldehydes were examined using H 5 PV 2 Mo 10 O 40 as the catalyst. The results are given in Tables II and III . Halogens were chosen as electron-withdrawing groups (Table II, entries 2-5), while methyl was chosen as an electron--donating substituent (Table II , entry 1). The yields were generally very good (>80 %) to excellent (>90 %) with no obvious relationship between the aromatic substituent and yield (compare entries 1 with 10 and 2 with 10). A highlight of the method is the ease by which the product may be isolated via simple filtration following removal of the solvent. Effect of the catalyst structure
The effect of catalyst structure on the oxidation of aromatic aldehydes is summarized in Table IV . 4-Chlorothiophenol was used as the model compound and the amount of each catalyst was kept constant. In the Keggin-type polyoxometalates series, H 5 PV 2 Mo 10 O 40 showed the highest catalytic activity. In general, the heteropoly salt type catalysts were less efficient than the heteropolyacids. The Keggin-type polyoxometalates led to a more effective reaction in comparison with the Well-Dawson type polyoxometalates. Thus, H 6 P 2 Mo 18 O 62 was again more effective than H 6 P 2 W 18 O 62 in the oxidation of aldehydes, possibly due to the difference in the reduction potentials tungsten and molybdenum. However, the results indicated that the highest yield of products was obtained with H 5 PV 2 Mo 10 O 40 as catalyst (Table III) . This behaviour is found to be quite general. The high activity of H 5 PV 2 Mo 10 O 40 in comparison of the other HPAs (Table  IV) confirmed that in addition to H + , the V 5+ probably played a catalytic role in the reaction. loadings under solvent-free conditions in very short times (1-3 min) ( Table V) . This can be due to the polar nature of the reaction intermediates that couple efficiently with the microwaves and hence, increase the yield and accelerate the rate. Clearly, this method minimizes the longer reaction times required under thermal conditions. 
